Objective: To investigate how different types of meniscal tears predispose to different patterns of meniscal position in subjects with and without symptomatic knee osteoarthritis (OA). Methods: A cross-sectional analysis of 161 women participating in an observational study to evaluate knee OA progression was performed using baseline MRI data. Meniscal morphologic features were scored in three separate locations. Meniscal position measures were determined for extrusion and proportion of coverage. Analysis was performed using multiple linear regression models treating each tear type as an individual variable with a binary response. Results: Complex tears, cysts and maceration of the medial meniscus were associated with more medial (p ¼ 0.0004, p ¼ 0.004, p < 0.0001, respectively) and anterior extrusion (p ¼ 0.03, p ¼ 0.03, p < 0.0001, respectively) than normal menisci. Horizontal tears of the lateral meniscus had more lateral (p ¼ 0.005) and anterior extrusion (p < 0.0001) than normal menisci. Anterior and body tears of the medial meniscus were associated with more anterior extrusion (p ¼ 0.0006, p ¼ 0.01, respectively), whereas meniscal body tears alone had more medial extrusion than normal menisci (p ¼ 0.0002). Meniscal body tears of the lateral meniscus had more lateral extrusion than normal menisci (p ¼ 0.01). Conclusion: Anterior horn and meniscal body tears and the more severe macerated and complex tear types predisposed to more medial meniscal extrusion. Laterally, only meniscal body and horizontal tears significantly affected extrusion, potentially reflecting a lower overall prevalence of lateral meniscal tears. These results may have important implications in identifying tear types associated with more meniscal dysfunction, with the ultimate goal of identifying those at greatest risk for knee OA progression.
Introduction
The menisci play an important role in knee biomechanics providing shock absorption, load distribution, and joint stabilization [Jones et al. 1996; Seedhom et al. 1974] . Alteration in these functions secondary to meniscal damage and subsequent meniscectomy leads to increased contact stresses and resultant osteoarthritis (OA) of the knee [McNicholas et al. 2000; Roos et al. 1998; Allen et al. 1984; Johnson et al. 1974; Tapper and Hoover, 1969] . Meniscal tears and changes in meniscal position (also termed extrusion or subluxation) were recently found to be strongly associated with the progression of symptomatic knee OA [Hunter et al. 2006; Berthiaume et al. 2005] . These studies highlight a critical role of the meniscus in determining load distribution within the knee and its predisposition to disease progression. Further evaluation of the Boston Osteoarthritis of the Knee Study (BOKS) cohort demonstrated that degenerative meniscal tears are related to the extent of abnormality of meniscal position [Hunter et al. 2006] .
A retrospective review of knee magnetic resonance imaging (MRI) data previously revealed that the extent of meniscal extrusion is associated with the type of meniscal abnormality [Costa et al. 2004 ]. This study was limited however by its retrospective nature, the absence of normal menisci as a reference standard, and analysis involving the medial meniscus alone with extrusion data restricted to one MRI plane. Given the critical importance of the meniscus to joint function, further elucidation of the relation between specific meniscal tears and position could identify tears which are most concerning in terms of predisposing to progression of knee OA. Identification of a tear type with increased risk for abnormal position may provide predictive indication of a knee at greater risk for rapid progression.
The purpose of this study was to investigate the relationship between meniscal tears and meniscal position and, more specifically, how different types of tears and their location predispose to different patterns of meniscal position in participants with symptomatic knee OA and an age-and sex-matched sample without OA.
Methods

Study sample
All study participants were women at least 40 years of age. The recruitment of subjects has been described in detail elsewhere [Eckstein et al. 2008] . Briefly, 180 individuals at 7 clinical centers were recruited through hospital advertisements, clinics, print media, patient lists, volunteer contacts, and previous studies to participate in a longitudinal 24-month observational study to evaluate OA progression. Standing anterior posterior (AP) knee radiographs were obtained at each site to establish a baseline level of knee OA using the Kellgren and Lawrence (K/L) grading scale [Peterfy et al. 2003 ]. Nineteen participants were not included in the analysis secondary to self-withdrawal, failure to comply with follow up, protocol violation, or motion artifact during MRI acquisition. A total of 161 subjects remained and were included in the final analysis. The subjects were divided into two groups, those who were symptomatic and had radiographic OA (K/L grade 2 and 3) and control participants who were asymptomatic and without definite radiographic OA (K/L grade 1). There was a significant difference in body mass index (BMI) between OA and control subjects (p < 0.00001). Symptoms were assessed using the Western Ontario and McMaster Universities (WOMAC) osteoarthritis index for pain, stiffness, and function and the Visual Analog Scale (VAS) for pain in the study knee. Inclusion criteria for the OA group were frequent symptoms, mild to moderate radiographic OA in the medial compartment, a BMI !30, and a medial tibiofemoral joint space width !2 mm as detected on a posterioranterior (PA) Lyon-Schuss radiographic view of the knee. In patients with bilateral radiographic knee OA, the study knee was defined as the knee that was more symptomatic. If identical pain scores existed, the knee with more advanced radiographic changes was chosen. If both radiographic severity and pain scores were identical, the knee in the subject's dominant leg (e.g. the leg used to kick a ball or to start to run) was selected as the study knee. Inclusion criteria for control subjects were complete absence of bilateral knee symptoms, K/L grade 1 in either knee, and a BMI 28. The knee of the dominant leg was chosen as the study knee in these participants. Exclusion criteria for both groups were any prior history of knee ligamentous or meniscal injury or surgical history of partial or complete meniscectomy.
After the enrollment process was completed, a central reader blinded to the initial K/L grade assignments re-read each radiograph for standardization of the K/L grade status. If the grades differed, a third reader was called upon to adjudicate. The intrareader reproducibility (determined using 30 radiographs with K/L grades from 0 to 3) revealed an intraclass correlation coefficient of 0.91 and a kappa of 0.66. The control group was established from 95 participants classified as having K/L grade 0 and four classified as having K/L grade 1. A total of 62 subjects displayed mild to moderate radiographic OA (31 each having K/L grade 2 and K/L grade 3) and were placed into the OA group. All participants were allowed to take standard of care pain medications including acetaminophen, nonsteroidal anti-inflammatory drugs (NSAIDs), cyclooxygenase (COX)-2 inhibitors, and oral corticosteroids. No medications known to alter the progression rate of OA were allowed, nor were intra-articular corticosteroid or hyaluronic acid injections permitted in the study knee. Glucosamine or chondroitin was allowed if participants had been on stable therapy for the past 3 months (13 in each group). The study was conducted in compliance with local institutional review boards, informed consent regulations, the International Conference on Harmonization Good Clinical Practices Guidelines, and the Declaration of Helsinki.
MRI measurements
Siemens Magnetom Trio 3.0-T magnets (Siemens AG, Erlangen, Germany) were used at three of the seven study sites, whereas Signa Excite/Genesis 3.0 T MRI long bore magnets and short bore magnets (GE Healthcare Technologies, Waukesha, WI) were equally divided among the remaining sites. Birdcage CP coils (Transmit/Receive) with a 'split top' design were manufactured for the project (Clinical MR Solutions, Brookfield, WI) and used at all sites. Double oblique coronal spoiled gradient recalled acquisitions at steady state (SPGR) with selective water excitation were acquired at an in-plane spatial resolution of 0.31 mm Â 0.31 mm and a slice thickness of 1.0 mm (TE ¼ 7.28.5 ms, TR ¼ 1617 ms, flip angle ¼ 12 , bandwidth ¼ 31.25 kHz [GE] or 130 Hz/pixel [Siemens], matrix size ¼ 512 Â 512). A fatsuppressed 2D dual echo fast spin-echo (FSE) sequence was acquired in the sagittal plane with an in-plane resolution of 0.63 mm Â 0.63 mm and a slice thickness of 3.0 mm (TE ¼ 9/39 ms,
All MRIs were performed with the study participants lying in a supine position with knees in extension.
Meniscal tears were assessed using a comprehensive scoring method, the BostonLeeds Osteoarthritis Knee Score (BLOKS). This scoring system is applicable for use in conjunction with conventional MRI techniques [Hunter et al. 2008] .
Meniscal morphology was scored for the body and anterior and posterior horns on both medial and lateral menisci. The body was scored using coronal sequences and the anterior and posterior horns were scored using sagittal MRI sequences. In the BLOKS system meniscal tears, which are defined as high signal within the meniscus extending to an articular surface, or meniscal maceration were scored as present or absent in these six regions. Vertical tears (encompassing radial and longitudinal tears extending to both femoral and tibial surfaces), horizontal tears (defined as horizontal tears with a slightly oblique course extending out through the inferior surface of the meniscus as shown in Figure 1 ), complex tears (defined by high signal, that extends to two surfaces and at least three points), intrameniscal signal and meniscal maceration (defined by loss of overall normal morphological appearance with increased diffuse signal in the meniscal tissue) were included in the analysis. Meniscal root tear were excluded from the analysis as none were identified in either the medial or lateral menisci.
MRI images were read in pairs by two musculoskeletal radiologists. The interobserver reliability (weighted kappa value with 95% confidence intervals) for reading meniscal tears data was 0.51 (0.240.78) and 0.79 (0.401.00), respectively.
Meniscal position measures to the nearest millimeter in both the medial and lateral compartments were determined for subluxation (both anterior and in the coronal plane), meniscal height, and meniscal covering and uncovering of the tibial plateau using coronal MRIs and eFilm Workstation software. Images in which the medial tibial spine volume was maximal were selected for all readings on coronal sequences. The reference point for measuring the extent of subluxation, tibial width, and amount of coverage was the edge of the tibial plateau without osteophytes. Proportion of coverage was calculated as meniscal covering divided by the sum of meniscal covering and meniscal uncovering. Sagittal images were used to assess anterior subluxation of both the medial and lateral menisci. Interobserver reliability (ICC values) for reading the measures of meniscal position ranged from 0.86 to 0.93.
Statistical analysis
With the possibility of multiple tear types existing for a single subject, tear types were treated as individual variables with a binary response. Using normal menisci as a reference, six tear types were identified and treated as individual variables. The analysis was performed using multiple linear regression models to assess whether different types of tears and their locations predisposed to different patterns of meniscal position. All statistical analyses were performed using SAS software, (SAS Institute Inc, Cary, NC, release 9.0).
Results
The demographics of the study sample are presented in Table 1 . A total of 161 female subjects (99 controls and 62 with radiographic OA) were recruited. They were similar in age (56.1±8.8 years and 57.1±8.1 years, respectively), but differed with respect to BMI (24.9±4.8 and 36.9±5.3, respectively) and K/L grade of radiographic OA severity (95 K/L grade 0 and 4 K/L grade 1 for the controls, and 31 each K/L grade 2 and 3 for the OA subjects). The prevalence of any medial meniscal abnormality was similar between groups, 57% in the control group compared with 59% in the OA group, mostly representing increased intrameniscal signal changes in both, but with an additional increased prevalence of meniscal maceration in the OA group. Lateral meniscal abnormality was less frequent to a similar degree in both groups, 16% for the controls compared with 23% in the OA group, also mostly representing intrameniscal signal changes. Table 2 , complex tears, meniscal cysts and meniscal maceration were associated with more medial extrusion than normal menisci (p ¼ 0.0004, p ¼ 0.004, and p < 0.0001, respectively). Likewise, complex tears, meniscal cysts, and maceration were significantly associated with more anterior extrusion than normal menisci (p ¼ 0.03, p ¼ 0.03, and p < 0.0001, respectively). Maceration alone significantly predicted a lower proportion of coverage than normal menisci (p < 0.0001).
As demonstrated in
Types of tears of the lateral meniscus were similarly associated with meniscal malposition as seen in Table 3 . Subjects with horizontal tears had more lateral and anterior extrusion than normal menisci (p ¼ 0.005 and p < 0.0001, respectively). Horizontal tears also predicted a significantly lower proportion of coverage than normal menisci (p ¼ 0.04).
The relationship between tear location and meniscal position in the medial compartment is shown in Table 4 . Subjects with meniscal body tears had significantly more medial extrusion than subjects with normal menisci (p ¼ 0.0002). Significantly more anterior extrusion was present in subjects with anterior horn and meniscal body tears than in those with normal menisci (p ¼ 0.0006 and p ¼ 0.01, respectively). (7) BMI, body mass index; OA, osteoarthritis. Furthermore, subjects with meniscal body tears had a significantly lower proportion of coverage than those with normal menisci (p ¼ 0.04). Table 5 reveals the relationship between tear location and meniscal position in the lateral compartment. Subjects with a tear of the meniscal body had significantly more lateral extrusion than subjects with normal menisci (p ¼ 0.01). None of the tear locations significantly predicted anterior extrusion or proportion of coverage of the lateral meniscus. The lower prevalence of lateral meniscal abnormalities may limit the meaningfulness of these findings.
Discussion
This study has demonstrated a significant association between meniscal tears and meniscal position. More severe types of tears predisposed to greater meniscal extrusion. The most common types of meniscal pathology represented here were macerated, horizontal tears and menisci with abnormal intrasubstance signal. The extent of extrusion mirrored the amount of damage related to the tears. An explanation of these findings may be provided in part through the microstructural composition of the meniscus. The greater the disruption in the architectural framework of the meniscus as seen with severe tears, the less tensile stiffness of the collagen fiber bundles, and the more radial displacement that can be expected with weight bearing, especially in a population with an elevated BMI.
The strength of the meniscus is derived from an intricately woven pattern of collagen fibrils that maintain shape and structure when axially-loaded [Bullough et al. 1970 ]. Hoop strain, or the circumferential extension of the meniscus to resist radial displacement with an axial load, is altered with different types of meniscal tears [Jones et al. 1996] . In this study, meniscal maceration and complex tears were significantly associated with meniscal extrusion. This finding parallels an earlier report which showed that complex tears were strongly associated with major extrusion identified as >3 mm [Costa et al. 2004 ]. Our analysis also found that intrameniscal cysts contributed to extrusion, possibly a result of increased separation and cleavage of collagen fibrils with microcyst formation stretching fibers in a radial direction causing subluxation [Hajek et al. 1987] .
A further finding in our series revealed that horizontal tears were significantly associated with anterior and lateral extrusion of the lateral meniscus. Horizontal tears, also known as horizontal cleavage lesions, were first described by Smillie as degenerative tears in the horizontal plane of the meniscus [Smillie, 1978] and have been shown to occur more commonly in middle-aged or older patients [Poehling et al. 1990 ]. Thus, it is reasonable to conclude that the complex, degenerative-type tears in our population of middleaged, obese females with knee OA caused a disruption in meniscal architecture severe enough to result in a breakdown of hoop stress and subsequent extrusion. In contrast to this finding, horizontal tears as identified by Costa and colleagues were not associated with meniscal extrusion [Costa et al. 2004 ]. This discrepancy may be explained by their relatively small numbers of horizontal tears (n ¼ 2) and their exclusion of data collection for the lateral meniscus.
Tear location, including anterior horn and meniscal body, was significantly associated with meniscal position of the medial meniscus. The finding that these tear locations significantly predicted extrusion may be related to the increased mobility of anterior horns compared with posterior horns [Vedi et al. 1999] which is in keeping with normal tibiofemoral kinematics. Movement of the anterior horns is required to maintain congruency of the joint surface while camshaped femoral condyles move on the tibia during flexion. Although a similar statistically significant result was not described in the study by Costa and colleagues, a strong trend is suggested for anterior and meniscal body tears predicting extrusion given their relatively low p-values (0.072 and 0.051, respectively) which further validates our data [Costa et al. 2004] . In our study posterior horn tears were not significantly associated with extrusion of the medial meniscus, although the highest percentage of abnormalities was found in the posterior horn, 54% compared with 28% and 8% for the meniscal body and anterior horn, respectively. This data is in keeping with the view that the relative immobility of the posterior part of the medial meniscus may account for the frequency with which it is torn.
The finding that only meniscal body tears significantly predicted extrusion of the lateral meniscus may reflect a lower overall prevalence of lateral meniscal tears.
Meniscal tears and tear location not only have an influence on extrusion, they also have a profound effect on cartilage loss which leads to the progression of symptomatic knee OA [Hunter et al. 2006; Berthiaume et al. 2005] . Given that the meniscus plays a critical role in shock absorption and load distribution, the absence of a functional meniscus and the resultant alteration in these mechanical factors leads to increased stress concentration which promotes osteoarthritic changes [Ihn et al. 1993] . A nonfunctional meniscus mimics the findings after a complete or subtotal meniscectomy which have been shown to result in rapid OA progression [McNicholas et al. 2000; Roos et al. 1998; Allen et al. 1984; Johnson et al. 1974; Tapper and Hoover, 1969] . Therefore, it is reasonable to hypothesize that complex tears, meniscal maceration, intrameniscal cysts, and degenerative horizontal tears which lead to increased meniscal extrusion predispose to a more rapidly progressive knee OA. Indeed degenerative meniscal tears have been associated with worse long-term prognosis than longitudinal tears [Englund et al. 2003 ].
Some limitations of the research design include a study sample consisting solely of middle-aged, obese women. One could argue that the data obtained may not be accurately extrapolated to men or young, athletic individuals with normal body mass indices. Further investigation may be necessary to extend our results to other populations. In addition, obesity itself is a confounding factor which could be responsible for the increased meniscal extrusion observed in the symptomatic OA group compared with controls. A further limitation is that MR images were acquired with the subjects in a supine, nonweightbearing position with knees in extension.
The measurements of extrusion are likely to be an underestimation of what would be expected in axially-loaded or flexed knees, which would alter our results. Another limitation of the study design involves the use of sagittal fat-suppressed dual echo FSE sequences alone for meniscal evaluation. Although most meniscal tears can be detected on sagittal images, a coronal intermediate-weighted FSE sequence may have provided better detection and characterization of meniscal tears. An additional method of assessment, such as the use of arthroscopy, was not performed to validate the relationship of tear type and position to extrusion and is recognized as another limitation of our study. Furthermore, the limited number of lateral meniscal tears detected in our study sample may have contributed to the paucity of significant results in our comparison of tear location and position of the lateral meniscus.
In conclusion, this study highlights that more severe, degenerative-type meniscal tears likely predisposed to more extrusion. Tear positions, including anterior horn and meniscal body, also significantly influenced meniscal extrusion. It is therefore plausible that degenerative meniscal pathology including meniscal maceration, intrameniscal cysts, and complex and horizontal tears, with increased risk of extrusion, may predispose to OA progression. With a growing interest in meniscal preservation through repair techniques, transplantation, and tissue-engineering strategies, cognizant of the abnormal mechanics which may need correction prior to surgery, these results may have important implications for arthroscopists in guiding their management of meniscal tears with the goal of slowing the progression of knee OA.
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